Egalitarian oskar mRNA transport mRNA stability Oogenesis Translational control RNA localization is tightly coordinated with RNA stability and translation control. Bicaudal-D (Bic-D), Egalitarian (Egl), microtubules and their motors are part of a Drosophila transport machinery that localizes mRNAs to specific cellular regions during oogenesis and embryogenesis. We identified the Poly(A)-binding protein (Pabp) as a protein that forms an RNA-dependent complex with Bic-D in embryos and ovaries. pabp also interacts genetically with Bic-D and, similar to Bic-D, pabp is essential in the germline for oocyte growth and accumulation of osk mRNA in the oocyte. In the absence of pabp, reduced stability of osk mRNA and possibly also defects in osk mRNA transport prevent normal oocyte localization of osk mRNA. pabp also interacts genetically with osk and lack of one copy of pabp + causes osk to become haploinsufficient. Moreover, pointing to a poly(A)-independent role, Pabp binds to A-rich sequences (ARS) in the osk 3′UTR and these turned out to be required in vivo for osk function during early oogenesis. This effect of pabp on osk mRNA is specific for this RNA and other tested mRNAs localizing to the oocyte are less and more indirectly affected by the lack of pabp.
Introduction mRNA localization focuses expression of proteins to specific regions of a cell. Many processes from the budding of a yeast to the establishment of embryonic axes in metazoans and the migration of human neuronal cells depend on this type of cell polarization (Du et al., 2007; Vardy and Orr-Weaver, 2007) . During transport mRNAs associate with proteins that control every step in the life cycle of the RNA. Together they form large ribonucleoprotein (RNP) complexes in which trans-acting factors control assembly, stability, translational and transport of localized RNAs. Microtubules and their motors are then involved in the transport of these complex structures.
In Drosophila, a dynein mediated minus-end transport machinery composed of the physically interacting Bicaudal-D (Bic-D) and Egalitarian (Egl) proteins plays a key role in oogenesis by localizing into and within the oocyte different mRNAs. These RNAs are required for oocyte determination and differentiation, and for the formation of anterior-posterior and dorsal-ventral polarity. In addition, the same machinery is also involved in apical transport of specific mRNAs that pattern the early embryo (Bullock, 2007; Claußen and Suter, 2005) . During oocyte determination, a single cell among an interconnected cyst of sixteen germline cells differentiates into an oocyte. This process involves the preferential accumulation of specific messenger RNAs and proteins in this cell. The fifteen remaining cells adopt a nurse cell fate and provide the oocyte with the materials required for its growth. In loss-of-function Bic-D mutants, the transport of oocyte specific proteins and mRNAs (such as osk, orb, Bic-D and fs(1)K10) to the future oocyte is blocked, the oocyte fails to differentiate and all 16 cystocytes become polyploid nurse cells (Ran et al., 1994; Suter and Steward, 1991) . egl mutant ovaries as well as wild type ovaries, treated with microtubule depolymerizing drugs, show the same phenotype as Bic-D (Schüpbach and Wieschaus, 1991; Theurkauf et al., 1993) . In addition, Bic-D, egl and microtubules are also required for the establishment of the dorsal-ventral axis (d-v) of the egg chamber by the positioning of the oocyte nucleus to the future dorso-anterior corner of the oocyte (Koch and Spitzer, 1983; Mach and Lehmann, 1997; Swan et al., 1999; Swan and Suter, 1996) and by transporting from the nurse cells the mRNA of the transforming growth factor alpha-like molecule Gurken (Grk) that signals to the adjacent follicle cells to become the dorsoanterior follicle cells (Clark et al., 2007) . The maternal anterior-posterior determinants bicoid (bcd) and oskar (osk) also use the Bic-D/Egl machinery for their export from the nurse cells to the oocyte and Bic-D is required for osk posterior localization during late oogenesis (Clark et al., 2007; Swan and Suter, 1996) . The current molecular model of function of this machinery is suggested by several studies in Drosophila and work done on the mammalian Bic-D homologous. These findings suggest that the Bic-D/ Egl complex acts as a link between a microtubule-dependent dynein motor and various cargos since the mammalian homologues of Bic-D bind directly in vitro and associate in vivo with components of the dynein and dynactin complexes, and Drosophila Egl binds the Dynein light chain (Dlc) (Hoogenraad et al., 2001; Navarro et al., 2004) . Recently Dienstbier et al. provided evidence that Egl, despite being not a canonical RNA binding protein, can bind directly to embryonic RNAs that localize apically, suggesting that Egl is the protein in the complex that links the molecular motors and Bic-D with the transported mRNAs (Dienstbier et al., 2009) . However, it is still not clear whether Egl is a general link for all the mRNAs transported by this machinery or whether additional proteins are needed for the specificity of the interaction. The significance of this question further increases because there is no obvious homolog of Egl in humans, which may indicate that other modes of interaction are possible. As outlined before, the transport machinery is part of a bigger RNP complex that also controls translation of the transported mRNAs, insuring that protein synthesis is only activated once the mRNAs reach their final destination (Besse and Ephrussi, 2008) . osk mRNP particles are a model for translation control during transport. osk is only translated once it reaches its final destination at the posterior cortex of the oocyte after stage 8 of oogenesis. Before this stage, osk mRNA is transported from the nurse cells into the oocyte in a translation dormant state. While the miRNA pathway plays a role in repressing osk translation during early oogenesis up to stage 6, between stages 6 and 9 a complex containing Bruno-Cup-eIF4E, which targets cap-dependent initiation of translation, as well as osk oligomerization seem responsible for the repression (Kugler and Lasko, 2009) .
A growing number of evidences indicate that different mechanisms involving specific RNP complexes co-operate to control formation, transport, translation and probably also stability of the different mRNAs during RNA transport (Kelsey and Ephrussi, 2009 ). In the case of the Bic-D/Egl transport machinery our knowledge about the study of associated trans acting factors controlling the life cycle of transported mRNAs is, however, still very limited. To find additional trans acting factors that contribute to the regulation of the localization process either by linking this machinery to the RNAs or controlling assembly, translation repression or stability of the mRNAs during transport, we searched for RNA binding proteins that are in complex with Bic-D using immunoprecipitation and mass spectrometry analysis. Studying the role of one of the novel components of the Bic-D machinery, the Poly(A)-binding protein (Pabp), we found that it possess a novel and surprising role. Pabp, a well-established general translation factor, turned out to be essential and specifically required for the proper accumulation of osk mRNA in the oocyte during early oogenesis. Other mRNAs transported by the Bic-D localization machinery were, however, less affected by lack of Pabp. In addition, the stability of osk mRNA was reduced in the absence of Pabp. Underscoring the novelty of this specific function of Pabp, it seems to perform it in a poly(A)-independent manner.
Results

Pabp is associated with Bic-D in an RNA-dependent manner
To identify additional components of the Egl/Bic-D complex, we performed immunoprecipitations (IP) of embryo extracts using two monoclonal anti Bic-D antibodies that recognize different epitopes (Fig. 1A) (Suter and Steward, 1991) . Beads alone and beads coupled to the unrelated anti-Cdk7 antibodies were used as controls for unspecific binding. The immunoprecipitated material was resolved by SDS-PAGE, stained with Coomassie blue, and the specific bands obtained in experiments with both anti-Bic-D antibodies were identified by mass spectrometry. In this way we identified Pabp (also called PABP55B and PABPC1) as a potential novel component of the Egl/Bic-D transport machinery (Figs. 1A, A' ).
To corroborate this interaction, we performed IP experiments with embryo extracts and different antibodies, and we analyzed the complex composition using western blots (Fig. 1B) . Both anti-Bic-D antibodies, which recognize different epitopes, coimmunoprecipitated endogenous Bic-D, Pabp and Egl. However, addition of RNase A during the experiments prevented coimunoprecipitation of Pabp even though the RNase did not affect the stability of Pabp (Fig. 1B and Supplementary Fig. S1A ). In reciprocal experiments, anti-Pabp antibodies coimmunoprecipitated endogenous Pabp along with Bic-D (Fig. 1B) . As expected for an RNA-dependent interaction, the coimmunoprecipitation of Pabp along with Bic-D was stabilized by the presence of Mg 2+ ( Supplementary Fig. S1B ). In contrast, and consistent with a direct interaction between Egl and Bic-D, the interaction between these two proteins, was not affected by incubation with RNase A (Fig. 1B) . Control experiments using beads alone or an unrelated monoclonal antibody against a murine protein did not coimmunoprecipitate Bic-D, Egl or Pabp (Fig. 1B) . The co-IP of Pabp with Bic-D antibodies was also confirmed using ovary extracts and S2 cell extracts expressing a V5-tagged Pabp (not shown, and Supplementary Fig. S1C ). In this case, the interaction was again RNAdependent. Co-IP of Pabp with anti Bic-D antibody was not observed when embryonic or S2 cell extracts were first immunodepleted for Bic-D. Because these extracts still contained high amounts of Pabp, these experiments show again that Pabp is not directly recognized by the two anti Bic-D antibodies ( Fig. 1C and Supplementary Fig. S1C ). Pabp therefore seems to be a component of a Bic-D-RNP complex and its known functions suggest that it is likely to bind the poly(A) tail or internal mRNA sequences of Bic-D associated RNAs.
Pabp partially colocalizes with Bic-D in the oocyte during mid oogenesis and in blastoderm embryos
We next asked whether Pabp colocalizes with Bic-D in the ovarian germline where Bic-D performs different functions. The pabp-GFP 37-2 gene trap line and anti-Bic-D antibodies, respectively, were used to study Pabp and Bic-D localization during oogenesis, respectively (Fig. 1D ). Both are detected in the germline throughout oogenesis and are enriched in the oocyte (Fig. 1D, arrows) . Pabp-GFP (green) is first detected in the germarium and it becomes clearly enriched in the oocyte starting at stage 2. From stages 2 to 6, Pabp-GFP (green) is enriched at the posterior cortex of the oocyte, where it partially colocalizes with Bic-D (red) (Fig. 1D , left panels, arrows). In stage 10, Pabp-GFP is primarily expressed in the nurse cells, but it also shows some enrichment at the cortex of the oocyte (Fig. 1D, central panel) and most prominent at the posterior cortex (Fig. 1D, right panel) . Homozygous and hemizygous pabp-GFP 37-2 flies are lethal, indicating that this fusion protein is not entirely functional. We therefore wanted to further confirm the described pattern of Pabp localization by immunostaining wild type ovaries with anti-Pabp antibodies and by staining ovaries that express a myc-tagged Pabp in the germline with anti-myc tag antibodies (nosGal4:VP16 ≫ pUASP-myc-pabp-ORF; Supplementary Figs . S2A-E). Both approaches yielded comparable distribution patterns. Because Bic-D and Egl are also involved in apical transcript localization in blastoderm embryos (Bullock and Ish-Horowicz, 2001 ), we also examined the distribution of Pabp in young embryos (Fig. 1E ). Similar to Bic-D (red, upper panels), Pabp (green, middle panels) is noticeably enriched apically to the blastoderm nuclei even though a large amount of the protein is also present in the basal cytoplasm (Fig. 1E) . Together, the partial co-localization and the biochemical interaction of Pabp with Bic-D are consistent with Pabp being a component of the Bic-D localization machinery.
pabp is essential during oogenesis Drosophila pabp is essential for embryogenesis and oogenesis (Clouse et al., 2008; Sigrist et al., 2000b) . To address whether Pabp plays a role in the Bic-D dependent transport of mRNAs during oogenesis, we analyzed the gene trap line pabp-GFP 37-2 and the Pelement allele pabp
K10109
, and found that they are zygotic lethal over deficiencies that remove the pabp locus. To examine the pabp -phenotype in the female germline, we generated germline clones of these lethal alleles using the FLP/FRT Ovo D technique (Chou and Perrimon, 1996) . The mutant clones supported oocyte formation, but did not develop beyond stages 5-6 ( Figs. 2A-B) . Under our experimental While this already suggests that the observed stages 5-6 egg chambers are indeed pabp germline mutants, we still needed to show experimentally that this arrest is caused by the lack of pabp activity. We therefore set out to rescue the germline clone phenotypes and the zygotic lethality by introducing a genomic pabp + copy. Because this indeed rescues these phenotypes ( Fig. 2A , right panels), this indicates that most of the egg chambers that reach stages 5-6 represent pabp -mutant clones that arrest oogenesis because they lack pabp activity. Interestingly, by using the FLP-FRT system and a wild type copy of pabp + on the homologous chromosome, we were unable to observe pabp − germline clones in adults when inducing them during larval development. Only if induced in the adults we could observe clones at very low frequency ( Supplementary Fig. S3 ). This seems to indicate that pabp + cells efficiently compete out the pabp − cells. pabp mutant germline clones showed a variety of phenotypes in stages 5-6. These include small oocytes, mispositioned oocytes, packaging defects producing egg chambers with supernumerary nurse cells and two oocytes, polytene nurse cells and multilayered follicle cells (Fig. 2B) . Some of these phenotypes may also be due to lack of pabp in the follicle cells because recombination was induced through heat shock control and because we observed multilayered follicle cells also in GFP − -marked follicle cell clones ( Supplementary Fig. S3 ). These results show that pabp is involved in growth and positioning of the oocyte, in the proper development of nurse cells and follicle cells, and in egg chamber packaging. Interestingly, reduced oocyte growth, abnormal number of germ cells and mispositoned oocytes also result from reduced Bic-D activity (Oh and Steward, 2001; Swan and Suter, 1996) .
Like Bic-D, pabp is essential for osk mRNA accumulation in the oocyte
The Bic-D/Egl transport machinery is involved in the transport of specific mRNAs including osk, orb, grk and Bic-D mRNAs into the oocyte (Clark et al., 2007; Mach and Lehmann, 1997; Ran et al., 1994; Suter and Steward, 1991) . pabp mutant germline clones arrest at stages 5-6 of oogenesis ( Figs. 2A-B) around the time osk RNA null mutants arrest oogenesis (Jenny et al., 2006) and Pabp staining overlaps with osk mRNA staining during oogenesis ( Supplementary  Fig. S2F ). Thus, we next asked whether the pabp phenotypes could be due to a failure in osk mRNA localization to the oocyte. In wild type oogenesis, osk mRNA is enriched in the early oocytes and is clearly localized to the posterior compartment by stages 2-3 (Fig. 2C) . osk mRNA fails to accumulate in this pattern in both pabp mutant germline clones (Fig. 2C ). In some genetic backgrounds (even in the absence of the FLP chromosome) we also observed that transheterozygous FRT G13 ovoD 1 /FRT pabp mutant egg chambers proceeded to stage 4 before degenerating. In contrast to the pabp − phenotype, these egg chambers showed normal osk mRNA accumulation in the oocyte (Fig. 2D ). osk mRNA showed also oocyte specific accumulation in rarely appearing egg chambers of the genotypes FRT G13 ovoD 1 /CyO and ovoD 1 /Dp (?,2) S wg Ms(2)M bw D (Fig. 2D , right panel and data not shown). These results show that pabp plays an essential role in the accumulation of osk mRNA in the oocyte. Surprisingly, the accumulation of other mRNAs that depend on the Bic-D/Egl transport machinery for their localization was less affected by the pabp mutations. In wild type egg chambers, Bic-D (Fig. 2E , left panel), grk ( Fig. 2E right panel), and orb (not shown) mRNAs accumulate in the oocyte from stages 2 to 6. Their accumulation in the oocyte was weakly affected (Fig. 2E , lower panels). Some egg chambers show mislocalization of these mRNAs within the oocyte, but these egg chambers also show mispositioning of the oocyte (Fig. 2E , lower panels). This suggests that pabp is not directly required for the localization of these mRNAs, but more indirectly through its effect on egg chamber development. Double in situs for grk and osk mRNA confirmed that in the same pabp mutant germline clone only osk mRNA accumulation in the oocyte is impaired, while grk accumulation is not affected (Fig. 3A) . In contrast to the pabp germline clone phenotype, mutants that alter egg chamber organization, like for instance DE-cadherin mutants (Godt and Tepass, 1998) , cause mislocalization of all 4 mRNAs tested. Lack of osk mRNA accumulation in the absence of pabp is therefore not an indirect effect of altered over all egg chamber organization, but seems to reflect a more direct transport or stability problem. Using the same confocal microscope settings and different osk probes, we observed clear and reproducibly reduced levels of osk mRNA signal in pabp mutants clones compared to wild type egg chambers (Fig. 3B , left panels). Despite the reduced signal, osk mRNA was still detectable in the mutants with enhanced signal detection (Fig. 3B , right panels). These pictures also reveal that osk mRNA accumulation in oocytes is reduced in the mutants. While a protocol for quantitative in situ hybridization is available (Pare et al., 2009 ), it does not work to quantify osk mRNA levels, presumably because of the presence of multiple osk mRNA molecules in each RNP (data not shown). We therefore used a semi-quantitative PCR based approach to assess the effect of pabp on osk mRNA stability. Compared to pabp/ovoD heterozygous egg chambers in the absence of Flipase, the induction of pabp K10109 clones using hs-FLP causes osk mRNA levels to become reduced in samples that contain a mixture of pabp K10109 /ovoD egg chambers and pabp germline clones (Figs. 3C, D). In contrast, levels of the control mRNAs xpd and tubulin were not reduced in these samples. Therefore, pabp seems specifically required also to stabilize osk mRNA. Interestingly, levels of osk mRNA were less affected in pabp GFP37-2 germline clones. These clones still expressed the Pabp-GFP fusion protein, which seems to retain partial osk mRNA stabilization function even though it does not facilitate its transport.
Consistently, in wild type ovaries, Staufen accumulates in the oocyte from stage 4 onwards (Fig. 4A , upper panel), a process that depends on osk mRNA localization (Jenny et al., 2006) . In most of the pabp K10109 ( Fig Pabp is a general translation factor that promotes translation by binding to the poly(A) tails of mRNAs (Kahvejian et al., 2005) . Mammalian Pabp also represses or enhances translation by binding to A-rich stretches in the 5′ or 3′UTRs of specific mRNAs, including its own (Gorgoni and Gray, 2004; Mangus et al., 2003) . Since osk mRNA accumulation was severely affected in pabp mutants, and because osk mRNA is translationally repressed while transported (Wilhelm and Smibert, 2005) , we asked whether the lack of Pabp could produce premature translation of osk mRNA. Staining with anti-Osk antibodies showed no difference in the Osk expression pattern between wild type and pabp K10109 mutant ovaries, indicating that no detectable premature translation took place (Fig. 4C , middle and right panels). However, it needs to be considered that the reduced mRNA levels would also make the detection of Osk protein more difficult.
Reduction of pabp activity suppresses the bicaudal phenotype by reducing anterior mispositioning of osk mRNA
We next studied the genetic interaction between pabp and dominant Bic-D alleles. Females with the dominant alleles Bic-D 71.34 or Bic-D IIIE48 produce embryos with a wide range of patterning defects, including double-abdomen (bicaudal) embryos, which are produced by additional ectopic positioning of osk mRNA to the anterior ( Fig. 5A ; Ephrussi et al., 1991; Kim-Ha et al., 1991 (Fig. 5D ). These data show that strong loss-of-function alleles of pabp reduce the anterior mislocalization of osk mRNA and suppress the bicaudal phenotype.
Pabp-osk interaction: pabp makes osk to become haploinsufficient for embryonic patterning
We next tested for a genetic interaction between pabp and osk, and found that females transheterozygous for pabp-GFP 37-2 and the osk , FRT/ovoD, FRT (lanes 1 and 1′) and pabp-GFP 37-2 , FRT/ovoD, FRT (lanes 3 and 3′). Flies of the same genetic background, but additionally bearing the heat shock-FLP chromosome were submitted to heat-shock to induce pabp germline clones. Ovaries from these flies were used for lanes 2, 2′, 4 and 4′. Under our conditions and 20 PCR cycles using primers that span introns, osk, xpd and Tub mRNA amplifications remained in the exponential range. A representative RT-PCR done in duplicate is shown. (D) The intensity of the osk bands from these 2 RT-PCR experiments was quantified with Image J and its abundance was normalized to the unrelated xpd and Tub mRNAs isolated from the same samples. Samples containing induced pabp K10109 germline clones showed reduced levels of osk mRNA compared to un-induced samples. Control xpd and Tub mRNA levels, on the other hand, did not show a reduction upon clone induction. The same results were obtained with 2 independent samples and also when 25 PCR cycles were used for amplification. for pabp-GFP 37-2 and either osk
A87
, osk 187 or one of three independently generated osk -deficiencies Df(3R)pXT
103
, Df(3R)BSC506 and Df(3R) pXT 26 produced much more frequently embryos with strong posterior osk phenotypes than females heterozygous for each of these mutations alone (Figs. 5E-F) . The osk phenotypes in the progeny could be rescued when the mothers had a transgenic copy of the pabp genomic region. This indicates that reduced osk activity caused by reducing pabp and/or osk activity itself, is detrimental both for early oogenesis and posterior patterning of the embryo.
Pabp binds A-rich sequences (ARS) in the 3′UTR of osk mRNA
Pabp is expected to generally bind mRNAs through their poly(A) tail and thus to affect them at the same level. However, pabp seems to be additionally required specifically for the accumulation and stability of osk mRNA. Our results raised the intriguing question whether and how Pabp specifically affects this aspect of osk mRNA metabolism. It was shown that Pabp can also control translation initiation by binding to A-rich sequences (ARS) consisting of several tracts of 3-8 adenines, present either in the 3′ UTR of the YB-1 mRNA, or in the 5′UTR of its own mRNA and of mRNAs involved in starvation response (Bag, 2001; Gilbert et al., 2007; Patel et al., 2005; Skabkina et al., 2003) . Interestingly, the 3′UTR of osk mRNA contains six tracts of 3-10 adenines (Fig. 6A ) that might be recognized by Pabp. In contrast, no long adenine-tracts are present in the grk, orb and Bic-D mRNA 3′UTRs, whose accumulation in the oocyte was not much affected in pabp mutant germline clones. We performed electromobility shift assays (EMSA) and found that recombinant GST-Pabp binds to radiolabeled sense fragments of the osk mRNA 3′UTR that contain the ARS but Band shifting assay using sense (lanes 1-6) and antisense probes (lanes 7-12) (1 pmol, 50,000 cpm) in the presence of increasing concentrations of GST-Pabp (lanes 2-4 and 8-10) or BSA (lanes 5 and 11) or GST (lanes 6 and 12). Lane 1, labeled sense osk RNA alone. Lane 7, labeled antisense osk RNA alone. The arrow indicates the major high order gel shifted complex. Pabp has been described to form multimers and that is likely the reason why it forms these high molecular weight complexes, which still retain the ability to bind RNA. A faster migrating gel-shifted complex is also observed in the presence of sense osk RNA and Pabp (arrowhead). Asterisk shows the migration of free RNAs. Even if there is traces of unspecific binding of the osk antisense probe to GST-Pabp, the ratios of RNA in complex with Pabp to free RNA was much higher for the osk sense probe. Note also that the amount of free sense RNA was reduced by increasing the amount of GST-Pabp, while free antisense RNA remained almost constant (see asterisks) and no formation of lower order complex is observed. Both complexes can be competed by poly(A) and cold sense probe ( Supplementary Fig. S4D-E (D) RNA-protein complexes formed between different biotin-labeled RNAs and extracts of Drosophila embryos were purified and monitored for the presence of Pabp, Bruno and Cdk7 as controls. 2% of the embryo extract used for each pull down was loaded as input control. No RNA (beads only), human histone-H4, full length osk 3′UTR containing a poly(A) tail of 40 nt, full length osk 3′UTR, osk 3′UTR deleted for A-rich sequences, ΔAR-a and ΔAR-b and hairy 3′UTR were used in the pull down assays. Binding of Pabp, but not Bruno, to osk 3′UTR was reduced in the osk 3′UTRs deleted for the ARS. no poly(A) tail (Fig. 6B, lanes 2-4) . Binding to this RNA was not observed with BSA (lane 5) or GST alone (lane 6). These results were further confirmed by competition experiments (Supplementary Figs. S4D-E) .
To further confirm and map this interaction we also performed biotin pull down assays using embryo extracts and biotinylated RNAs from different parts of the osk 3′UTR. The osk ARS overlap with two putative polyadenylation signals (Figs. 6A,C, underlined) . To test the functional requirements of the ARS, we made deletions of the ARS and left intact either both (ΔAR-a) or only one (ΔAR-b) of these predicted polyadenylation signals (Fig. 6C) . Biotin labeled full-length osk 3′UTRs with or without a poly(A) 40 tail were able to pull down endogenous Pabp and this binding was considerably reduced when the ARS sequences in osk 3′UTR were deleted (Fig. 6D) . Interestingly, Pabp was also pulled down with hairy 3′UTR, which also contains an A-rich region, but not with a human histone RNA, that does not contain Arich regions (Fig. 6D) . In contrast, the binding of Bruno, which binds the Bruno Response Elements (BRE) in a different part of the osk 3′ UTR (Kim-Ha et al., 1995), was not affected by deletions in the osk Arich sequences. Bruno did also not bind to histone or hairy RNAs, which do not contain BREs (Fig. 6D) . histone and hairy RNAs do, however, bind IMP, an RNA binding protein for which they do contain predicted binding sites (data not shown).
In vitro polyadenylation requires an energy source and is inhibited in the presence of Tris buffers like the one used for the biotin pull down assays. It is therefore very unlikely that the binding of Pabp to osk mRNA is due to binding to newly added poly(A) tails during the pull down reaction. Despite this, we tested the ability of a known polyadenylation substrate, the Toll mRNA (Coll et al., 2010) , to become polyadenylated under our conditions. As expected, in our pull down extracts Toll mRNAs were not detectably polyadenylated, even though they could be polyadenylated in a normal in vitro polyadenylation assay (Supplementary Fig. S5 ). Similarly, osk 3′UTRs were also not polyadenylated under our pull down conditions (Supplementary Fig. S5 ). Altogether, these results allow us to conclude that Pabp is able to bind the osk 3′UTR in a poly(A) tail-independent, but ARS-dependent, manner.
The ARS in the osk 3′UTR are required in vivo for its early oogenesis function
The fact that Pabp can bind osk 3′UTRs independent of the poly(A) tail prompted us to study whether the ARS in osk 3′UTRs are needed for the early function of osk RNA in oogenesis. Till now, no specific sequences in the osk 3′UTR have been shown to have this function. osk A87 /Df(3R)pXT 103 females fail to lay eggs and are sterile owing to the early arrest of oogenesis (Jenny et al., 2006) . Expression of the osk 3′UTR alone from an UAS osk 3′UTR transgene driven by a combination of matα4-GAL4-VP16 and nos-Gal4-Vp16 is sufficient to rescue the early oogenesis arrest and egg-less phenotype of osk A87 /Df(3R)pXT 103 females and it leads to a normal enrichment of the osk 3′UTR RNA in the oocyte in early to mid oogenesis (Figs. 7A-C; see also Jenny et al., 2006) . However, as opposed to osk mRNA, osk 3′UTR RNA fails to localize to the posterior during late oogenesis, as previously described (Figs. 7B-C, right panels; Jenny et al., 2006) . To test the function of the ARS during early oogenesis we designed constructs that lack parts of the AR region, but retain both (ΔAR-a) or only one (ΔAR-b) of the predicted polyadenylation signals (Fig. 6C) . As opposed to the full length osk 3′UTR the expression of the osk 3′UTRs lacking AR regions failed to rescue the egg-less phenotype of osk A87 /Df(3R)pXT 103 females (Fig. 7A ) and egg chambers did not develop beyond stage 7, even though both transgenic constructs were expressed (Figs. 7C-E) . However, the expression levels of both rescue constructs with deletions in the ARS (ΔAR-a and ΔAR-b) were reduced compared with the osk 3′UTR wild type rescue construct (Fig. 7F ). This result is consistent with a role for Pabp and Pabp binding sites in stabilization of osk mRNA. In summary, because both osk 3′UTRs lacking AR regions are unable to rescue the egg-less phenotype of osk A87 /Df(3R)pXT 103 mutants (despite becoming at least partially localized to the oocyte in early and middle oogenesis), it is clear that the ARS are essential for the early function of osk 3′UTR during oogenesis.
Discussion
Bic-D is involved in transporting diverse cargos including mRNAs, lipid droplets, nuclei and Golgi vesicles, and somehow it also seems to regulate endocytosis (Claußen and Suter, 2005; Larsen et al., 2008; Li et al., 2010; Swift et al., 2010) . The transport of these different cargos requires the association of Bic-D with different accessory proteins. In the case of RNA transport, this machinery may also recruit proteins involved in the assembly, translation control and stability of the transported mRNAs. Indeed we identified Pabp, a general translation factor, in RNP complexes containing Bic-D. Pabp seems to be linked to Bic-D through binding to associated RNAs. However, the dynamic participation of Bic-D and Pabp in various different cellular processes and complexes implies that only a fraction of both polypeptides will associate with each other at a given time. This is consistent with the results of our immunoprecipitation experiments, where the Pabp band is much weaker than Bic-D or the band of the general Bic-D-RNA adaptor Egl (Fig. 1) . Furthermore, only a fraction of Pabp is precipitated with anti Bic-D anitbodies. However, the RNA-dependent physical interaction, the partial co-localization between Bic-D and Pabp and their genetic interactions point to a role of Pabp in RNA metabolism during the transport process by binding to RNAs associated with Bic-D.
Here we show that Pabp plays a specific role in the proper accumulation in the oocyte of an mRNA that also depends on Bic-D for its localization. pabp is required for osk mRNA accumulation in the oocyte and for the stability of this mRNA. This conclusion is based on several results that suggest an interaction between these two genes. First, in pabp mutant ovaries, accumulation of osk mRNA into the oocyte is virtually abolished during early and mid oogenesis, while accumulation of other localized mRNAs is more indirectly affected. The effect on osk mRNA accumulation seems to be a combination of reduced levels of osk mRNA in mutant egg chambers and lack of localization in the oocyte. Second, pabp and osk RNA null mutants show similar early oogenesis arrest phenotypes, further suggesting that the two genes act in the same pathway during this stage. Third, the absence of one pabp + copy causes osk to become haploinsufficient, indicating again that the two genes act in the same pathway. Fourth, Pabp binds the ARS in the 3′UTR of the osk mRNA and these sequences are essential in vivo for early oogenesis to proceed. The finding that pabp affects the accumulation of osk mRNA, but not other mRNAs that are localized to the oocyte through Bic-D, is surprising and novel because Pabp is a general factor expected to bind to all mRNAs through their poly(A) tail. Indeed, Pabp is a versatile protein that plays different roles in RNA metabolism. Pabp controls the poly(A) length and stability of mRNAs (Mangus et al., 2003) , it participates in nonsense-mediated decay (NMD) (Behm-Ansmant et al., 2007) , and it acts as a coactivator of the miRNA-silencing complex (Burgess and Gray, 2010) . Aside from this it is also a crucial factor in protein synthesis (Kahvejian et al., 2005; Pestova et al., 2007) . During protein synthesis, Pabp interacts with both the eIF4F complex bound to the cap at the 5′ end of the mRNA and with the 3′ poly(A) tail, promoting circularization of the mRNA, allowing the recycling of terminating ribosome's (close-loop-model; Kahvejian et al., 2005; Pestova et al., 2007) . However, increasing evidence suggests that the Pabp function in translation is more complex than first recognized and that it goes far beyond its canonical role in the recognition of the poly (A) tails. To date, only few examples show that Pabp can regulate the translation of specific mRNAs (Burgess and Gray, 2010) . Stimulation of translation of specific mRNAs takes place by recruitment of Pabp directly to the 3′UTR of the mRNAs as was observed in the case of Dengue virus RNA or YB-1 mRNAs, or indirectly by its recruitment through other proteins (like the DASL family of proteins) to the 3′UTR of target mRNAs. Pabp also binds the 5′UTR of its own mRNA as a complex with Unr and IMP-1 and prevents its own translation by blocking scanning by the 43S complex. In Drosophila, pabp plays a role in facilitating grk translation during late oogenesis, but the molecular mechanism controlling the specificity for grk mRNA is not completely understood (Clouse et al., 2008) . Thus, to date, only these few examples of mRNA-specific regulation by Pabp have been identified and, to our knowledge, we have now identified the first example of a pabp function in the stability of a specific mRNA. This is surprising and raises the possibility that mRNA-specific regulation by Pabp represents a widespread strategy in control of mRNA turnover as well.
In the case of osk, the components of the general exon junction complex (EJC), eIF4AIII, Mago and Y14, have also been implicated in specifically localizing osk mRNA to the posterior during late oogenesis (Hachet and Ephrussi, 2001; Mohr et al., 2001c; Newmark and Boswell, 1994; Palacios et al., 2004) . In this case, it also remains unknown why a general complex can affect specifically the localization of osk mRNA and not all mRNAs decorated with the EJC. The /Df(3R)pXT 103 females. Flies were grown at 25°C, but growing them at 29°C, where Gal4-induced expression is maximal, gave qualitatively identical results. In situ hybridization to whole-mount wild type (B), and osk A87 /Df(3R)pXT 103 egg chambers expressing UAS-driven osk 3′UTR (C), osk 3′UTR ΔAR-a (D) and osk 3′UTR ΔAR-b (E) with an osk 3′UTR RNA probe. Note that no older egg chambers are produced when AR sequences are missing from the osk 3′UTR. (F) Total RNA from the egg chambers depicted in C-E was purified and subject to semi-quantitative RT-PCR using intron spanning primers to amplify osk 3′UTR and xpd mRNAs. 20 PCR cycles were used for exponential amplification of osk and xpd mRNAs. Levels of osk mRNAs 3′UTR were normalized to xpd mRNA levels for each sample. Same results were obtained in two independent samples. specificity for osk mRNA localization might be mediated at least in part through the recruitment of the cytoplasmic protein Btz, which is also needed for posterior osk localization, by eIF4AIII. This complex would then recruit the cytoplasmic localization factors to the correctly spliced and exported transcripts (Hachet and Ephrussi, 2001; van Eeden et al., 2001) . Similarly to the EJC, Pabp may recruit other proteins specifically to osk mRNA, and these proteins may then be involved in mediating mRNA stability or repressing RNA degradation. The recent finding that mammalian Pabp can bind to microtubules (Chernov et al., 2008 ) also hints that Pabp may help linking osk mRNA to the transport machinery in addition to controlling its RNA stability. Indeed, in situ staining experiments showed that the remaining osk mRNA in the pabp mutant is also less efficiently localized to the oocyte (Fig. 3B) . Consistent also with a role for Pabp in the RNA transport manchinery is the fact that Pabp was also shown to bind, in concert with other proteins, to sequences in the bicoid and Vasopresin mRNAs, which are essential for correct localization of these transcripts in oocytes and dendrites, respectively (Arn et al., 2003; Mohr et al., 2001a Mohr et al., , 2001b Mohr and Richter, 2004) . Pabp is also needed for maintaining the localization of Ash1 mRNA to the bud tip in yeast (Trautwein et al., 2004) . However in this case the exact mechanism by which Pabp is regulating specifically these mRNAs is not known. Thus, given the immense number of interaction partners of Pabp, there is plenty of potential for Pabp to regulate in a similar manner additional specific RNAs at the level of stability, localization, translation, storage and anchoring. Interestingly, weak alleles of pabp display a male meiotic phenotype with defects in spindle formation, chromosome segregation and cytokinesis (Blagden et al., 2009) . These findings also point to a role of pabp in regulating specific genes during many different and essential cellular processes.
The fact that lack of Pabp reduces osk mRNA levels, points to the question of how Pabp can regulate the stability of osk mRNA. Interestingly, the nuclear poly(A)-binding protein, Pabp2, has been shown to act in conjunction with Ccr4 to shorten the poly(A) tail of specific mRNAs including osk and, in yeast, deadenylation by Ccr4 is inhibited in vitro by cytoplasmic Pabp (Benoit et al., 2005; Tucker et al., 2002) . On the other hand, there is evidence that Pabp and Pabp2 can coexist on the same poly(A) tails. This could suggest that in the absence of Pabp, Pabp2 may be recruited preferentially to osk mRNA through the same ARS, the osk 3′UTR or even through the poly(A) tail, promoting its deadenylation and thus is degradation. Preliminary results suggest that Pabp2 is also able to bind osk 3′UTR, although its binding was not reduced in ΔARS deletion mutants or in the absence of the poly(A) tail (not shown). This is not surprising since yeast Pabp2 is also able to bind cotranscriptionally to most mRNAs even before the poly(A) tail is synthesized and it remains associated with the mRNAs during translation (Lemieux and Bachand, 2009 ). Thus, in pabp mutants, the recruitment of Pabp2/Ccr4 could be favored, compromising the stability of osk mRNA. Recent evidence also indicates that yeast Pabp2 binds directly to the exosome, a complex containing multiple 3′-N 5′ exonucleases, and that this interaction is required for the maturation of snoRNAs (Lemay et al., 2010; Libri, 2010) . An attractive idea is that in the case of osk mRNA the direct binding of Pabp to the distal region of its 3′UTR, very closed to the poly (A) tail, could favor the association of more Pabp molecules (through their multimerization domains; Melo et al., 2003) and dissociation of Pabp2 from newly synthesized mRNAs, thus favoring mRNA stability and dissociation from the Ccr4 deadenylase or exosome complex. Interestingly, the Drosophila decapping protein 1 (dDcp1) is also a component of the osk mRNP and required for osk mRNA transport. However, although dDcp-1 is associated with osk mRNA during oogenesis, it seems that it does not initiate mRNA decay since osk mRNA degradation is repressed until embryogenesis (Lin et al., 2006) . The role of Pabp in inhibiting decapping is well established in other situations (Parker and Song, 2004) . Pabp bound to the osk ARS and/or to the poly(A) tail may therefore function to inhibit the decapping activity of osk-bound dDcp1 and thus promote stability of osk mRNA.
Whatever the mechanism of mRNA degradation that is triggered in the absence of Pabp, osk ARS not only function in RNA stability, but they are also essential for oogenesis to proceed through the early stages. Since osk RNA is needed for early oogenesis, Jenny and colleagues suggested that osk 3′UTR RNA might provide a scaffold function, bringing into the oocyte cytoplasmic factors essential for the progression of oocyte development or sequestering a factor that would otherwise inhibit oogenesis (Jenny et al., 2006) . Because Pabp still concentrates in osk RNA null oocytes ( Supplementary Figs. S4A-C) , Pabp itself does not seem to be one of these factors. However, the fact that yeast Pabp binds efficiently eIF4G when Pabp is bound to poly(A) tails (Tarun and Sachs, 1996) , suggests the hypothesis that only Pabp in complex with osk RNA may be able to recruit such oogenesis factors or to sequester oogenesis inhibiting factors. pabp germline clones were induced using the FLP/FRT Ovo D technique (Chou and Perrimon, 1996) . Transgenic flies with genomic pabp, UASosk 3′UTR, UAS-osk 3′UTR ΔAR-a and UAS-osk 3′UTR ΔAR-b were generated using the germ-line-specific phiC31 integrase transgenesis system (Bischof et al., 2007; Koch et al., 2009 ). The line y w; +; attP-64A was used to generate all transgenic lines. Tests for enhancement of the bicaudal phenotype were done in the absence of the CyO balancer (because this would enhance the phenotype) and repeated on different days to control for environmental effects (Mohler and Wieschaus, 1986) .
Materials and methods
Drosophila
DNA constructs
The Bac clone RP-98-33K9 containing the pabp gene (Bac Resourses, Oakland Research Institute, U.S.A.) was cut with Apa I, BamHI, SacII and EcoRV. A 7.8 kb fragment containing the pabp gene plus 1 kb downstream and 1.3 kb upstream sequences was cloned as an ApaI-EcoRV fragment into pBluescript, and further subcloned as a KpnI-NotI fragment into pCaSpeR-AttB to create the plasmid pCaSperR-AttB-pabp genomic. The genomic osk fragment consisting of the entire osk 3′UTR and about 1 kb of the 3′ flanking sequences was described to rescue the osk RNA null egg less phenotype by Jenny et al. (2006) . This fragment was amplified by PCR from a λ genomic library and cloned into the pCRII-Topo vector to generate the plasmid osk 3′UTR genomic-PCRII-Topo. PCR mutagenesis using primers with flanking BglII and BamHI restriction sites and osk 3′UTR genomic-PCRII-Topo vector as template were used to produce the corresponding deletions of the ARS in the osk 3′UTR in order to generate the plasmids osk 3′UTR genomic ΔAR-a-PCRII-Topo and osk 3′UTR genomic ΔAR-b-PCRII-Topo. The insert from these plasmids were liberated with BglII/BamHI and ligated into the BamHI site of the pUASP-K10-AttB vector to generate the transgenic vectors UAS-osk 3′UTR, UAS-osk 3′UTR-ΔAR-a and UAS-osk 3′UTR-ΔAR-b, respectively. A BamHI-XbaI 6x myc-tag fragment was inserted into the BglII/ XbaI site of pUASP-K10-AttB to generate pUASP-myc-K10-AttB. The Open Reading Frame (ORF) of pabp (Roy et al., 2004) was cloned into the XbaI site of pUASP-myc-K10-AttB to generate the construct pUASP-myc-pabp ORF-K10-AttB. This construct was used to generate the myc-tag-pabp transgen.
Immunoprecipitations (IPs), mass spectrometry and western blots
Due to cross reactivity of the 1B11 antibody with Translin, total extracts from translin null mutant embryos that show no visible phenotype were used as starting material (Claußen et al., 2006) . One gram of dechorionated 0-8 h old embryos was homogenized on ice in 2 ml of homogenization buffer (HB; 25 mM Hepes pH 7.4, 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT, and EDTA-free protease inhibitor cocktail Complete TM; Roche Diagnostics). The supernatant was centrifuged twice at 16,000 ×g for 40 min at 4°C. For mass spectrometry analysis, 4 ml of 1B11, 8 ml of 4 C2 or 4 ml of Cdk7 monoclonal antibody supernatant were incubated with 80 μl of protein-G Sepharose beads (Amersham) for 1 h at room temperature. After extensive washing with PBS, the bead-antibody complexes were incubated at 4°C overnight on a wheel with 4 ml of embryo extract per IP. The unbound material was washed off 7 times with HB. Beads were allowed to settle by gravity between washes and were transferred to new tubes in the first and last washes. The IP material was resuspended in 40 μl of sample buffer and resolved by SDS-PAGE. Proteins were stained with Coomassie Brillant Blue (Invitrogen). Visible bands were cut and in-gel digested with trypsin. Eluted peptides were sequenced by liquid chromatography-coupled ESI tandem MS (LC-MS/MS) on a Q-ToF Ultima instrument (Waters) as described (Bessonov et al., 2008) . Proteins were identified by searching fragment spectra against NCBInr database using MASCOT (Matrix Science, London) as a search engine, and confirmed by cross search in the Drosophila database FlyBase (flybase.org). For western blot analysis, IPs using 30-40 μl beads and 1 ml of embryo extracts were performed. Embryos were homogenized in homogenization buffer containing magnesium (MgCl 2 -HB; 25 mM Hepes pH 7.4, 50 mM KCl, 1 mM DTT, 1 mM MgCl 2 and EDTA-free protease inhibitor cocktail). For monoclonal antibodies against Bic-D, GFP and the murine control antibody, 1 ml of antibody supernatant was used per IP. For polyclonal anti-Pabp antibodies (Roy et al., 2004 ) 2 μl of antibody were diluted in 1 ml of PBS. When present, RNase A was added to a final concentration of 0.35 mg/ml right after mixing the antibody-bead complexes with the embryo extracts. The beads were resuspended in 30 μl of sample buffer and 7.5 to 15 μl per well was analyzed. Western blots were performed using the rabbit anti-Pabp (1:5000 dilution; Roy et al., 2004) , anti-Egl (1:5000; Mach and Lehmann, 1997), anti-Bruno (1:3000, gift from Mary Lilly) and mouse anti-Bic-D (a mix of 1B11 and 4C2, 1:10 dilution; Suter and Steward, 1991) antibodies, and horseradish peroxidase-conjugated secondary antibodies (GE Helthcare).
Immunostainings
Immunostainings of whole-mount ovaries and embryos were done using the following primary antibodies: mouse anti-Bic-D (a mix of 1B11 and 4C2, 1:10 dilution), rabbit anti-Pabp (1:2500 dilution; Roy et al., 2004) or rabbit anti-Pabp (1:100 dilution; Sigrist et al., 2000a) , rabbit anti-Osk (1:500 final dilution; Markussen et al., 1995) , rabbit anti-Egl (1:5000 final dilution; Mach and Lehmann, 1997), rabbit antiStaufen (1:2000 dilution; St Johnston et al., 1991) , and anti-myc 9E10 (Developmental Studies Hybridoma Bank; dilution 1:5). Secondary antibodies were Cy3-conjugated anti-mouse, Cy5-conjugated antirabbit (Jackson Immunoresearch), A495 anti-rabbit and OregonGreen 488 anti-mouse (Molecular Probes). Where required, nuclei and actin filaments were stained for 20 min with 2.5 μg/ml Hoechst 33258 and 1 unit/ml rhodamine-conjugated phalloidin (Molecular Probes), respectively, during the final washing steps. Images were analyzed with a Leica TCS-SP2 confocal microscope.
In situ hybridization to whole mount embryos and ovaries Linearized pBS-oskar, the EST LD32255 (BDGP resources) containing the grk cDNA, pBS-Orb E4 cDNA (Lantz et al., 1992) and Bic-D-short-pBSK were used as templates to generate digoxigenin-labeled RNA antisense probes. In situ hybridization experiments were performed as described (Hughes and Krause, 1999) with the following modifications. Ovaries were dissected in Ringer's solution and fixed in a mixture of 200 μl of 4% Paraformaldehyde in PBS, 600 μl Heptane and 20 μl of DMSO for 20 min on a wheel. Ovaries were washed three times for 10 min in PBT (PBS, 0.1% Tween) and then treated with proteinase K (50 μg/μl) for 2 min. The ovaries were blocked in MAB-blocking buffer (1X Maleic acid buffer (MAB) (500 mM Maleic acid, 750 mM NaCl, pH 7.5) containing 20% donkey serum (Chemicon), 2% Roche blocking reagent and 0.05% Tween-20 and further washed with MABT (MAB plus 0.05% Tween). The digoxigenin-labeled probes were detected with sheep-anti-digoxigenin antibody in MAB-block (Roche) and Cy3-conjugated donkey anti-sheep IgG F(ab′)2 fragments (Jackson Immunoresearch). During the final washing steps the nuclei were stained by adding 2.5 μg/ml of Hoechst 33258 (Molecular Probes). Images were analyzed by confocal microscopy. Double in situ hybridization experiments were performed as described (Hughes and Krause, 1999) with the following modifications in the antibodies used. Digoxigeninlabeled probes were detected with sheep-anti-digoxigenin antibody (Roche) and Cy5-conjugated donkey anti-sheep (Jackson Immunoresearch). Fluorescein-labeled probes were detected with mouse anti-fluorescein antibody (Roche) and Cy3-conjugated goat anti-mouse antibody (Jackson Immunoresearch). For in situ hybridization combined with protein detection, the same protocol was used, but the proteinase K treatment was omitted.
Electrophoretic mobility shift assay (EMSA) EMSA were done as described (Schultz et al., 2006) . Briefly, 50,000 counts (1 pmol) of 32 P-labeled sense or antisense osk 3′-UTR distal probes were incubated with different concentrations of recombinant GST-Pabp or BSA (Biolabs) or GST and 10 μg of Escherichia coli tRNA (Sigma) for 1 h at 4°C in a final volume of 15 to 20 μl of buffer B (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 2% Triton X-100). Subsequently, RNA and RNA-protein complexes were resolved on a 5% (36:1) native polyacrylamide mini-gel containing 0.5× Tris borate-EDTA and visualized with a PhosphorImager. DNA templates to prepare osk RNA probes were generated by PCR. In vitro transcription was done using T7 RNA polymerase (Stratagene) in the presence or absence of [α- 32 P]ATP (Amersham), treated with DNase I, extracted with phenol: chloroform, spun through a mini Quick Spin G50 column (Roche) and precipitated with NH 4 Ac/EtOH. RNA integrity was checked in a 7 M urea/6% polyacrylamide gel (19:1). For competition assays, recombinant GST-Pabp protein was preincubated with increasing amounts of cold RNAs, poly(A) or poly (G) (Sigma), and 10 μg of E. coli tRNA in buffer B for 20 min on ice before it was incubated for 1 h at 4°C with 32 P-labeled sense osk 3′ UTR distal probe.
Recombinant protein purification
Fusion proteins were expressed in E. coli BL21 (DE3) using the plasmids pGST-dPabp (Roy et al., 2004) and pGEX6P2 (Amersham Pharmacia Biotech). Glutathione S-transferase was purified on Glutathione-Sepharose resin (Amersham Pharmacia Biotech) according to the manufacturer's recommendations. The small soluble fraction of GST-Pabp was purified according to published protocols (Khaleghpour et al., 2001; Roy et al., 2004) . Recombinant proteins used for EMSA assays were dialyzed against 1× PBS (137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 .7H 2 O, 1.4 mM KH 2 PO 4 , pH 7.4) containing 1 mM DTT.
Synthesis of biotinylated RNAs and pull-down experiments
DNA templates for biotin-RNA synthesis of the osk 3′UTR sequences were prepared by PCR from the plasmids pBS-osk, UAS-osk 3′UTR-ΔAR-a and UAS-osk 3′UTR-ΔAR-b, with a sense primer carrying a T7 RNA polymerase promoter sequence at its 5′-end and the corresponding antisense to generate osk 3′UTR + poly(A) 40 , osk 3′UTR and osk 3′ UTR-ΔAR-a and osk 3′UTR-ΔAR-b, respectively. Primers carrying also the T7 polymerase promoter and specific antisense primers were used to generate human histone-H4 and hairy 3′ UTR by PCR using cDNA clones as templates. PCR products were gel purified and served as templates to prepare biotinylated RNAs using the Biotin RNA labeling mix (Roche Diagnostics) and T7 polymerase (Roche Diagnostics). Biotinylated RNAs were treated with RNase-free DNase I and purified using the RNeasy kit (Quiagen). Each biotinylated RNA was analyzed by agarose gel electrophoresis and quantified by UV-spectrometry.
Biotin-RNA-pull-down experiments were performed essentially as described (Gerber et al., 2006) . Embryo extracts were prepared by homogenizing 0.2 gr of embryos in 2 ml of extraction buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.5 mM EDTA pH 8.0, 5% glycerol, 0.1% Triton-X100, 1 mM DTT, 0.2 mg/ml Heparin, 0.2 mM mg/ml tRNA, 2 mM MgCl 2 , 1 mg/ml BSA, 20 U/ml DNase I (Roche Diagnostics), 40 U/ml RNase inhibitor (Biolabs), protease inhibitor cocktail; Roche Diagnostics). 10 pmol of biotinylated RNA were mixed with 200 μl extract and incubated on a rotator for 30 min at room temperature. Preequilibrated Streptavidin Paramagnetic Beads (100 μl, Promega) in extraction buffer were added to each binding reaction and the mixture was further incubated for 30 min. Beads were then captured with the magnet, washed 8 times for 10 min at 4°C with extraction buffer and boiled in 40 μl SDS-sample buffer. 7 μl were resolved on a 10% SDS-protein gel and subjected to immunoblot analysis using antiPabp (1:5000), anti-Bruno (1:3000) or anti-CDK7 (1:10) antibodies. To test for polyadenylation activity of the extracts, a Toll mRNA was used as substrate and a positive polyadenylation test assay was performed as described (Coll et al., 2010) .
RT-PCR assays
RNA from 5 to 10 ovaries was extracted using the RNeasy kit (Quiagen) following the instruction manual. Primers used for the RT-PCR analysis were designed to span introns. Sequences were amplified using the Access RT-PCR system (Promega). 20 to 30 cycles were tested to identify the exponential range of amplification using 200 ng of total RNA, and 20 cycles were identified as ideal for the amplification kit used.
